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Abstract 
 
The interaction energy between a water molecule and graphitic structured clusters 
terminated by hydrogen atoms is analyzed by ab initio methods and decomposed into 
electrostatic, induction, Pauli repulsion, and correlation energy contributions. 
Contributions to the energy which are due solely to the perimeter of the clusters are 
identified. These can be isolated and discarded which greatly simplifies the problem of 
extrapolation to the large cluster limit. The remaining terms are intrinsic to the interaction 
of a water molecule with real graphitic layers and an explicit analytical form is given for 
the potential energy surface. The minimum energy configuration is found to have both 
hydrogen atoms of the water molecule pointing symmetrically away from the graphitic 
plane. The electronic interaction in this mode is  -16.8 ±1.7 kJ/mol for water-graphite and  
the zero point energy is estimated as 1.3 kJ/mol. 
 
 
I. Introduction 
 
The interaction of water molecules with a graphitic surface is of fundamental importance 
in many areas of science and technology. Among the examples of current interest are 
cloud droplet formation by condensation of water molecules on graphitic structured soot 
aerosols and applications of carbon nanotubes in aqueous environments or as sensor 
devices. We will describe briefly the atmospheric science application since it is less well 
known.1 
 
Water molecules in the atmosphere interact with graphitic structured soot aerosols in the 
process of cloud droplet formation. Freshly produced soot particles from fossil fuels and 
biomass combustion are generally believed to be hydrophobic.2,3  With time the soot 
aerosols can become partially oxidated, becoming hydrophilic with the result that aged 
soot aerosols can act as condensation nuclei for cloud droplets.4  
 
The strength of the interaction between a water molecule and the carbon atoms of a 
carbonaceous aerosol is one of the most fundamental factors in determining adsorption 
leading to possible wetting and film formation. A quantitative modeling study of the 
conversion of soot from a hydrophobic to hydrophilic state requires an accurate 
 1
determination of this interaction energy. Discussion in this paper is limited to an ideal 
surface with no defects and which we assume to be comprised of nanoscale covalently 
bonded graphitic structures. The influence of surface defects and ionization sites will not 
be considered in this paper. Ultimately all information regarding interaction strengths is 
to be incorporated into effective potential energy surfaces from which models can then be 
developed for use in molecular dynamics and studies of kinetics.  
 
Experimental information is sparse but ab initio methods have been applied to the 
computation of the energy of interaction of a water molecule with planar arrays of carbon 
atoms. The single graphitic layer was modeled by a sequence of polycyclic aromatic 
hydrocarbons of increasing cluster size; that is, planar arrays of covalently bonded fused 
benzene rings terminated by hydrogen atoms at the outer perimeter. The water molecule 
is located above the center of the cluster and as the cluster size increases the interaction 
energy of water with the cluster approaches the limiting case of water interacting with an 
extended graphitic layer.  
 
The most extensive computations are those of Feller and Jordan5 who calculated 
electronic interaction energies to second order in Møller-Plesset perturbation theory 
(MP2) for a water molecule interacting with single layer graphitic structured clusters (up 
to size C96H24). An approximate method was used to correct for basis set superposition 
errors (BSSE) and to extrapolate to the graphitic limit (graphene).  Feller and Jordan5 
used very large basis sets (augmented with diffuse functions) on multiple atomic centers. 
Nevertheless the BSSE were not small. Their estimate of the electronic interaction energy 
at the MP2 level of a water molecule interacting with a single extended graphitic layer 
was -24.3 ± 1.7 kJ/mol. Other ab initio computations will be discussed in Section IV.  
 
Karapetian and Jordan6  have indicated that uncertainties and error bars are particularly 
difficult to determine when BSSE corrections are not small and that the correction 
procedures given in Ref. 5 may overestimate the magnitude of the water-graphite 
interaction energy. In fact, the estimate of -24.3 ± 1.7 kJ/mol is considerably larger than 
the interaction energies, -6.7 kJ/mol to -10.0 kJ/mol, found in numerical simulations to 
reproduce the range of experimental results for the contact angle of water on graphite.7 
From the analysis of Werder et al., 7 an interaction energy of -24.3 kJ/mol gives a contact 
angle Ө=0o for a water droplet on a graphitic surface and the graphitic surface would be 
strongly hydrophilic in disagreement with experiment.  
  
These ab initio calculations by Møller-Plesset perturbation theory for large cluster 
systems face two major extrapolations. The first is the extrapolation to the complete basis 
set limit for each specific cluster of the chosen sequence. Achieving sufficient size of 
basis set for any given large cluster, while maintaining good quality of the basis functions 
and including corrections for the BSSE, is an ongoing challenge.8  The second is the 
subsequent extrapolation of the sequence of such clusters to the large cluster limit 
(graphene). The combination of these two extrapolations poses significant computational 
demands on ab initio studies of these weakly bound complexes. 
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Plane-wave-based density functional theory (DFT) methods using periodically replicated 
simulation cells are computationally efficient. Unfortunately the explicit functional 
representations available at present for the correlation contribution to the energy are not 
sufficiently accurate to describe the weak van der Waals (dispersion) interactions which 
are a major source of binding in the water-graphite system.  Progress in including the 
weak van der Waals interactions in a DFT framework, whether empirically9 or by explicit 
functionals,10  is being made. However these formulations are still in development and 
there are uncertainties for applications to complexes in which dispersion forces are a 
major source of binding. Consequently the calculations of correlation energies in this 
paper are made at the MP2 level of ab initio theory.   
 
The purpose of this paper is to develop a new strategy for computing the binding energy 
of a water molecule to an extended graphitic surface. We begin by giving a physical 
picture based on pair-wise interactions of the various contributions to the total interaction 
energy of a water molecule with a cluster of fused benzene rings. With this interpretation, 
we can identify contributions to the computed interaction energies which are due solely 
to the charge distribution caused by the saturating hydrogen atoms at the perimeter of the 
cluster. These perimeter terms can be large for finite clusters but their contribution is 
exactly zero in the large cluster limit (graphene). Consequently, accuracy of the 
extrapolation from small cluster data to the large cluster limit is greatly improved by 
isolating the boundary contributions in finite cluster data and removing them before 
extrapolation. All remaining terms are intrinsic water-carbon interactions and it is only 
these terms that contribute in the limit of a real extended graphitic surface. This analytical 
separation of intrinsic water-carbon interactions from those due to the cluster perimeter 
effectively removes the problem of numerical extrapolation to the large cluster limit. It is 
then possible to give a much improved determination by ab initio methods of the 
structure and binding energy of water on graphene and on graphitic multi-layers.  
 
In Section II the electrostatic, induction, and Pauli (exchange) repulsion contributions are 
obtained from computations of the Hartree-Fock (HF) electronic energy over a grid of 
positions and orientations for a water molecule interacting with C24H12 and C54H18. The 
MP2 correlation interaction energy of water-benzene is computed using a sequence of 
large basis sets also over a range of positions and orientations of the water molecule. The 
distance dependence is found to be well described by dispersion interactions. Parameters 
for all pair-wise interactions were determined by least squares fitting to this combination 
of HF and dispersion energies. The extrapolation to the large cluster limit is then 
accomplished simply by dropping all perimeter interaction energies and retaining only 
the intrinsic water-carbon interactions. Results for the extrapolated binding energy of 
water on graphene and on graphitic multi-layers determined in this way are given in 
Section III. Discussion and comparison with previous work are given in Section IV and 
Section V is a brief summary and conclusions. 
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II. Analysis of Contributions to Interaction Energy 
 
A. Introduction 
The electronic contribution to the ground state energy of a system is the sum of the 
Hartree-Fock (HF) energy EHF and the correlation energy EC , computed for fixed 
positions of all nuclei 
 
CHF EEE +=          (1) 
 
The total ground state energy is the sum of the electronic energy and the zero point 
vibrational energy of the nuclei . Unless specified otherwise, energies in this paper 
refer to the electronic contributions. The interaction energy 
ZPE
EΔ  of a water molecule with 
the cluster is the energy of the total complex minus the energies of the fully separated 
water molecule and cluster. 
 
The HF interaction energy  is computed by the standard self-consistent average 
field method. Contributions to  are interpreted as the electrostatic energy (ES) due 
to fixed charge distributions (permanent multipoles) in the water and cluster, induction 
energy and the short range Pauli repulsion energy. Charge transfer energy is small and is 
neglected. The correlation interaction energy 
HFEΔ
EΔ HF
CEΔ  is computed by MP2 perturbation 
theory and is interpreted as the van der Waals dispersion interaction. All ab initio 
calculations were done using the Gaussian9811 and Gaussian0312  packages and the BSSE 
is corrected using the counterpoise (CP) method.13 
 
It is very important to account for the contributions to EΔ  due to the terminating 
hydrogen atoms of the finite cluster. The dominant contribution to this perimeter energy 
comes from the ES part of  and falls off slowly as a power law (not exponentially) 
as the cluster size increases. This ES perimeter energy is a real and important aspect of 
HFEΔ
EΔ  for any finite cluster of computationally feasible size but it is spurious from the point 
of view of the large cluster limit where only the intrinsic water-carbon interactions of the 
graphite sheet are present. Before attempting any extrapolation from small cluster data to 
the large cluster limit, it is necessary to remove the long range ES perimeter energy. 
Fortunately the HF energy converges rapidly with respect to increasing size of basis set 
so quantitatively reliable ab initio HF results are obtainable (see following subsection). 
 
The correlation energy contains the intrinsic dispersion energy between water and carbon 
atoms and the dispersion energy between the water and the perimeter hydrogens. Both 
can be extracted from MP2 computations of the correlation energy of the water-benzene 
complex. However, the MP2 correlation energy converges slowly with respect to 
increasing size of basis sets, in contrast to the HF energy so we have considered two 
ways to estimate the dispersion energy parameters. We first compute CEΔ  using large 
basis sets to get good initial estimates. We then scale this computed MP2 correlation 
energy to reproduce the experimental result for the dissociation energy of the water-
benzene complex. This requires a computation of the zero point contribution to EΔ  . The 
dispersion energy parameters obtained in these two ways agree to about 10%.  
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B. Hartree-Fock energy 
 The ab initio HF interaction energies of a water molecule and coronene (C24H12) and of a 
water molecule and circumcoron ted. These two clusters were 
th 
H 
ene (C54H18) were compu
chosen in order to verify that the parameters describing the intrinsic water-carbon HF 
interaction energy are independent of cluster size. All calculations used a fixed carbon-
carbon (C-C) bond length of 1.421 Å14,15 and a fixed carbon-hydrogen (C-H) bond leng
of 1.084 Å16  are used for coronene and circumcoronene. For the water molecule, the O-
bond length is 0.9572 Å and the ∠ (H-O-H) bond angle is 104.52˚.17 Other parameters 
are optimized.  
 
Our main interest is the interaction of water with an infinite graphitic planar surface. 
ince the van der Waals interaction between a water molecule at a equilibrium separation 
hite 
the interaction 
f the partial charges of an isolated water molecule with the electrostatic potential due to 
2) 
 
{ } are the partial charges of water using the MP2 computed electron density and Merz-
18,19 th
tion of 
 
 
ater-carbon 
pulsion and induction energy 
S
of about 3 Å from a graphite surface is weak we have used fixed bond lengths of grap
and have neglected any small surface relaxation. Similarly, only one-layer cluster models 
are used for determining the parameters of the interaction energy. The effect of adding 
another layer is negligible because of the large interplanar separation in graphite (about 
3.4 Å). Although the resulting interaction parameters are obtained for single-layer 
systems this procedure yields an accurate water-carbon potential energy which can be 
applied to any number of carbon atoms arranged in one or more layers.  
 
The electrostatic component of the computed HF energy is computed by 
o
an isolated graphitic cluster. 
 
∑3            (
=
=Δ
1i
iiES VqE
iq
ollK man-Singh (MKS) method.  iV  is the electric potential at the position of the i  
atom of water computed using the MP2 computed electron density of the isolated 
graphite cluster. Equation (2) contains the interaction between the water dipole moment 
and the quadrupole moment associated with the carbon atoms as well as the interac
the water molecule with the perimeter. The interaction between the water dipole moment
and the carbon quadrupole moments is a real contribution to the interaction energy. This 
contribution was independently computed using the partial charges of water and the 
experimental quadrupole moment of carbon given in Ref. 20. It was found to be less than
0.4 kJ/mol at equilibrium separations and is subsequently neglected.  
 
After subtracting Eq. (2) from the computed HF energy, the intrinsic w
( E IndR+Δre )  remains.  It is generally known that the 
stance induction energy is much smaller than the repulsion energy for a short separation di
between water and the cluster. W confirmed that the energy IndRE +e have Δ  falls off
exponentially as a function of the distance between the water and the cluster plane (not 
shown), so the functional form for repulsion energy can be represen
 
ted by 
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∑ −=Δ ijijijR rBArE )exp()(                                                     
ji,
   (3) 
The subscript  labels the atomi s in the water molecule while j  labels he car ons of
graphite cluster, and  is the distance between atom and
 t b  
ijr s i j .   
 
The induction energy has two contributions. The intera tion  thec  of  induced polarization 
f the cluster with the static electric field of the water molecule is o
 
∑−=Δ
ji ij
ijindCrE ,)(           ind r, 6
(4) 
 
 
he interaction of the induced polarization of the water molecule with the static electric 
eld of the cluster’s quadrupole moment has a similar form but can be neglected since 
  
T
fi
the terms vary as  8/1 ijr   and also because the quadrupole moment of the cluster is small. 
 
Combining Eqs. (3) and (4), we have, 
 
6
,
,
)exp()(
ij
ijind
ji
ijijijIndR r
C
rBArE −−=Δ ∑+       (5) 
       
In order to see the convergence of IndE +Δ R  as a function of cluster size, we have 
ergies for three basis sets and two graphitic 
q. (5) of the computed 
computed HF energies and electrostatic en
clusters (C24H12 and C54H18). The results are given in Table I and show that the 
electrostatic energy and consequently the HF energy depend strongly on cluster size. 
When the electrostatic energy is subtracted from the HF energy, there is good 
convergence with cluster size. Therefore it can be concluded that using C24H12 to 
compute IndRE +Δ  is sufficient.  
 
We make a least squares fit to E IndRE +Δ  for 16 different distances 
f water from graphite and two orientations of water (as shown in Fig 1). A sequence of 
lay 
 this 
io 
o
basis sets was used to verify convergence. The parameters for the repulsion energy 
showed good convergence. However we considered the results for the induction 
parameters to be less reliable. We attribute this to numerical instability due to interp
between the two induction energy parameters in the fitting procedure. To remove
instability, the number of parameters was reduced by constraining the parameters 
ijindC , (O-C) and ijindC , (H-C) such that their ratio for all basis sets  is the same as the rat
for the cc-pVTZ basis set. The results of this fitting procedure for C24H12 are shown in 
 II and  Figs. 2 and 3. The standard errors in Table II are computed by using fixed 
values of parameters ijB . Note that the ijB  coefficient is large enough to justify 
neglecting the Pauli repulsive contribution from the perimeter hydrogens. 
Table
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As seen in Table II that the coefficients of repulsion and induction energies
onvergence as the quality of basis sets increases. Therefore, the results for cc-pVTZ 
 show good 
the weakly bound water-benzene 
plex is dominated by the van der Waals dispersion forces.  The leading term is due to 
c
basis set will be used for the parameters in Eq. (5).  
 
C. Correlation energy 
 is expected that the correlation interaction energy of It
com
induced fluctuating dipoles and will be represented as a sum of atomic-like pair 
interactions 
∑−=Δ ijdisp CE ,6          
ji ijr,
6 (7) 
 
We will first verify tha
r the interaction between water and benzene and then determine values for C6(O-C) , 
nd 
olecule 
 
 
 
 
rs were not 
n 
ate the 
der to obtain another estimate of interaction parameters we 
adopted an alternative procedure in which the correlation energy is calibrated by 
t MP2 correlation energies give the characteristic 1/r6 dependence 
fo
C6(H-C), C6(O-H) and C6(H-H) by least squares fits to the MP2 correlation energy data. 
 
Ab initio MP2/ aug-cc-pVDZ(CP)  and MP2/ aug-cc-pVTZ(CP)  calculations of the 
orrelation energy for the water-benzene complex were made using the full counterpoise c
correction. The water molecule was taken to be symmetrically located (mode alpha a
beta in Fig. 1) above the center of the carbon ring and the interaction correlation energy 
was calculated for a sequence of distances between the water molecule and the carbon 
ring. The interaction correlation energy was found to vary as the inverse sixth power of 
the O-C distance which confirms the dominance of the dispersion interactions. 
 
The MP2/ aug-cc-pVDZ(CP)  and MP2/ aug-cc-pVTZ(CP) correlation energies were 
en computed for a series of different distances and orientations of the water mth
relative to benzene. The positions and orientations of water were randomly distributed
with 50 data points taken over a spatial grid. A least squares fit of this interaction 
correlation energy data set to Eq. (7) then allows determination of the interatomic C6 
dispersion constants together with estimates of their probable error. To avoid instability
in the fitting procedure the small parameter C6(H-H) (estimated from Ref. 9 to be  160
kJǺ6/mol), was neglected and the data were fitted using only three parameters. Results of
fitting are shown in Fig. 4 and the parameters obtained are given in Table III. Results for 
the two basis sets were consistent within the estimated error bars.  
 
A variety of procedures were used for the fitting to Eq. (7) to test sensitivity, always with 
imilar results. We verified that the intrinsic water-carbon parametes
significantly altered by repeating the fits with C6(H-H) fixed at its estimated value.9 We 
also examined the effect of  including  C8/r8 correction terms in the dispersion energy. 
The net effect on binding energies was not found to be significant.  
 
Convergence with respect to basis set size is much slower for the correlation energy tha
r the HF energy. In addition the MP2 level of approximation may overestimfo
effect of correlations.  In or
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experimental results for the dissociation energy of the water-benzene complex. The 
dissociation energy 0D is defined by 
 
0DEEEE ZPCHFTOTAL −=Δ+Δ+Δ=Δ       
 (6) 
 
xperimental measurements by Courty et al. 21 give 38.021.100 ±=D kJ/mol for water E
TOTALEΔon benzene. The various contributions to on the left hand side of Eq. (6) were 
obtained as follows. 
basis sets in order
 the full CP correction are -3.43, -3.31 and -3.31 kJ/mol, 
spectively. This HF value of -3.31 kJ/mol is used to obtain the correlation energy from 
y Feller22  
ed this normal mode analysis to CP-corrected 
nergies. The resulting zero point energy for this MP2/aug-cc-pVDZ(CP) calculation is 
    
action energy is obtained as 
.54 kJ/mol. Finally the previously fitted C6s are scaled with a constant multiplicative 
 
y 
plicable to the 
orrelation energy of water interacting with graphitic sheets. 
mbiguous identification of 
ontributions due to the perimeter. We emphasize that these terms are very important 
exactly zero 
ontribution in the limit of an extended graphitic layer where the water molecule and the 
 
HF energies have been determined for a sequence of  to verify 
convergence with respect to basis set size. The result for cc-pVDZ, cc-pVTZ and cc-
pVQZ basis sets with
re
experimental dissociation energy. 
 
The zero point contribution to the interaction energy has previously estimated b
to be 4.18 kJ/mol based on a normal mode analysis with the MP2/aug-cc-pVDZ basis set 
without CP corrections. We extend
e
2.64  kJ/mol. This 40% reduction in zero point energy is due to softer intermolecular 
interactions and vibrational frequencies with CP corrections. 
 
With this value for the zero point energy and the experimental dissociation energy, the 
total electronic interaction energy is -12.85 kJ/mol.  Subtracting the HF contribution   
(-3.31 kJ/mol), a semi-empirical value for the correlation inter
-9
factor in such a way that the resulting correlation energy matches the correlation energy
(-9.54 kJ/mol) obtained from the experimental dissociation energy.  
 
These scaled dispersion parameters give an accurate description of the correlation energ
of water interacting with benzene and will also apply to water interacting with fused 
benzene ring clusters.  The same scaled C6(O-C) and C6(H-C) are ap
c
 
III. Interaction Energy of Water Molecule and Graphitic Layers 
 
The decomposition of the interaction energy in II permits una
c
contributions to the interaction energy of finite clusters but they have 
c
perimeter are infinitely separated. Therefore the perimeter energy terms can simply be 
discarded to describe this limit. The remaining terms are intrinsic to the water-carbon 
interaction. Combining Eqs. (5) and (7), the final form of the electronic interaction 
energy between water and graphitic layers is 
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 6
,6,
,
)(
)exp(
ij
ijijind
ji
ijijij r
CC
rBAE
+−−=Δ ∑          (8) 
The parameters used in this expression are given in Tables II and III. 
 
Using Eq. (8), the interaction energy is easily calculated by direct summation for any 
onfiguration of the water molecule and any number of carbon planes. Results for the 
way are given in 
able IV for three orientations of the water molecule. Mode gamma corresponds to the 
ne 
) 
m Eq. 
ic  
teraction energies of graphite and water in mode alpha and beta configurations are -13.8 
a) is -12.3 
er 
l minimum in the energy given by Eq. (8) as a function of six 
termolecular degrees of freedom. The resulting estimate is 1.3 kJ/mol for the zero point 
e 
5 ±1.7  
n of water is mode beta (Fig. 5) with the two hydrogen atoms pointing away 
om the graphitic plane. In contrast, mode alpha or gamma has been found to be stable 
strictly finite clusters studied thus far by MP25, semiempirical9, and 
 the 
 
n 
 
 
c
interaction energy between water and graphitic layers obtained in this 
T
geometry found by Feller and Jordan5 where their minimum extrapolated energy has o
hydrogen atom of water is pointing towards the graphite surface. Mode alpha is the 
vibrational average of the mode gamma configuration. The mode beta orientation (Fig. 1
has not been suggested previously as the minimum energy geometry for the water-
graphite system. We find that the minimum energy occurs for the mode beta orientation 
of water (Fig. 5); the two hydrogen atoms point away from the graphitic plane. 
 
The error bars quoted in Table IV are obtained from the distributions computed fro
(8) for the electronic interaction energy on the assumption that the probability 
distributions of the various fitted parameters is Gaussian. The minimum electron
in
±1.3 and   -16.8 ±1.7 kJ/mol, respectively, and for the orientation of water with one 
hydrogen of the water molecule pointing towards graphite surface (mode gamm
±0.8 kJ/mol.   
 
Finally we consider the zero point energy due to the intermolecular vibrations of wat
and the graphitic layer.  A normal mode estimate was obtained by fitting a harmonic form 
around the loca
in
interaction energy of the water-graphene system. This is a smaller correction than for th
water-benzene system because the confining effect of the perimeter is absent for water-
graphene. The dissociation energy of water from a graphite surface is then 15.
kJ/mol. 
 
IV. Discussion 
The minimum energy of a water molecule at a graphite surface occurs when the 
orientatio
fr
for water on the 
hybrid23, 24 methods. This structure is also found in pure HF calculations25 where
dispersion energy attraction is totally ignored. In this case the attraction responsible for
binding of the water molecule to the cluster is the purely electrostatic interaction of the 
dipole moment of the water molecule with the charge distribution induced in the regio
of the perimeter by the terminating hydrogen atoms. Of course, this electrostatic 
component continues to be an important part of the total interaction when the weak 
(dispersion) correlation energy is added.  It is clear from Section II that this electrostatic
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energy due to the perimeter decreases very slowly (as a power law, not exponentially) as
the cluster size increases.  
 
The clusters studied to date are still relatively small and the effect of the perimeter atoms 
is correspondingly large. The attractive interaction, and hence the stability of the alpha or 
gamma mode, for these com
 
plexes has a large contribution from the perimeter 
teraction. It is precisely this long range interaction which must be carefully isolated 
aker than 
in
before extrapolation to the large cluster limit. Only then can the stable configuration of 
water on graphene with intrinsic water-carbon interactions be determined. The issue is 
whether a hydrogen bond to the graphite surface (modes alpha or gamma) is we
bonding of the lone electron pair of the oxygen atom with the π  electrons of the surfac
carbon atoms (mode beta). There is a delicate balance of attractive and repulsive 
energies. We find that the mode beta geometry takes maximum advantage of electron 
correlation while reducing the Pauli repulsion.  
 
There is other direct evidence of the important role of the perimeter energy in 
determining the equilibrium structure of water-cluster complexes.  Raimondi et al.26 ha
calculated the electronic energy and geometry of
e 
ve 
 the water-hexafluorobenzene complex 
2O-C6F6) using the medium size diffuse 6-31G(d=0.25) basis set and ab initio methods 
Geldart27 
o 
. 
attempting 
is case. The interaction energy has been 
alculated by Fomina et al.  using the ONIOM(MP2:PM3) method. For sufficiently 
the 
nar 
ter 
s required for 
any applications of fundamental interest.  Determination of an effective potential 
(H
at the MP2 level. Mode beta was found to be the stable structure. Sudiarta and 
have compared the energies and structures of sequences of fluorine-terminated versus 
hydrogen-terminated complexes at the same 6-31G(d=0.25) MP2 level. All fluorine-
terminated complexes had mode beta structure and all hydrogen-terminated complexes 
had mode alpha structure due to the electrostatic boundary energy. The large 
electronegativity of fluorine caused the partial charges in the vicinity of the perimeter t
change sign relative to the hydrogen-terminated complexes. As a result the dipole 
moment of the water molecule also changes its direction in order to minimize the energy
This reinforces the need to account properly for the perimeter energy prior to 
an extrapolation to the large cluster limit.  
 
A second very instructive example is given by the interaction between a water molecule 
and a C60  molecule.28 This spherically symmetrical molecule has no boundary so the 
boundary energy is automatically zero in th
28c
accurate models and basis function sets the stable configuration of the H2O-C60 complex 
is found to have the two hydrogen atoms pointing away from the surface. This is the 
precise analogue of mode beta in the case of a planar graphitic sheet. The reason for 
stability of this configuration for the H2O-C60 complex is the same as for water at a pla
graphitic layer. The distance between the oxygen atom of the water molecule and the 
plane of the nearest carbon hexagon (3.09 Å to 3.19 Å) of C60 is comparable to the wa
oxygen-graphite plane distance (about 2.9 Å from Fig. 5) in mode beta. 
 
V. Summary and Conclusions 
 
The interaction energy between water molecules and graphitic surfaces i
m
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energy surface is difficult using conventional ab initio methods for several reasons. The 
eak long-range dispersion forces responsible for binding water on graphite must be 
e 
usters 
ng clusters is 
mputed with 6-31 G(d), 6-311 G(d,p), cc-pVDZ and cc-pVTZ basis sets. The 
be 
puted. 
 of the 
lytical 
e 
 
t 
 
 
e water molecule pointing symmetrically away from the graphitic plane (mode beta). 
es and Engineering Research Council (NSERC) 
f Canada. 
, S. G. Jennings, and R. Pinnick, in Encyclopedia of Atmospheric Sciences, 
edited by J. R. Holton (Academic Press, New York, 2003), p. 2093. 
E. A. Müller, L. F. Rull, L. F. Vega, and K. E. Gubbins, J. Phys. Chem. 100, 1189 
w
treated accurately, corrections for basis state superposition errors are significant for larg
clusters, and slowly varying contributions to the energy from the perimeter of the cl
must be accounted for when extrapolating to the large cluster limit. 
  
In this paper we developed a procedure for accurate extrapolation to the large cluster 
limit. The different contributions to the total interaction energy are separated and 
analyzed.  The HF interaction energy of water with fused benzene ri
co
correlation interaction energy computed at MP2/ aug-cc-pVTZ(CP)  level is found to 
well described by dispersion forces.  The zero point interaction energy is also com
This permits a second estimate of the correlation energy by scaling the magnitudes
dispersion energy C6 parameters so as to reproduce the experimentally observed 
dissociation energy of water and benzene. This is a modest correction and does not 
influence the relative stability of modes. Analysis of the decomposition of the interaction 
energy into electrostatic, induction, Pauli repulsion, and correlation energies allows the 
relevant parameters to be obtained by fitting to computed data and an explicit ana
form is obtained for the interaction energy. Contributions to the energy which are du
solely to the terminating hydrogen atoms at the perimeter of a finite cluster are identified 
and discarded. The problem of extrapolation to the large cluster limit is removed by this 
procedure. Interaction energies can then be obtained by focusing computational resources
on the best accurate treatment of relatively small clusters. Note that this procedure is no
restricted to Møller-Plesset perturbation theory but applies to other ab initio methods. 
 
After removing the boundary energies, the remaining terms are intrinsic to the interaction 
of a water molecule with a real graphitic layer and the full potential energy surface can be
explored. The minimum energy configuration is found to have both hydrogen atoms of
th
The electronic interaction in this mode is -16.8 ±1.7 kJ/mol and the dissociation energy 
for water-graphite is -15.5 ±1.7 kJ/mol.  
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List of Tables: 
 
 
Table I. The Hartree-Fock (HF) and electrostatic (ES) interaction energies for water-
coronene (C24H12), and water-circumcoronene (C54H18) for water at z(O-C) = 3.0 Å above 
the clusters for mode alpha. All energies are in kJ/mol. 
Cluster/Basis HF ES HF-ES 
C24H12/3-21G 8.602 -7.748 16.350 
C54H18/3-21G 12.014 -4.990 17.004 
C24H12/6-31G(d) 11.402 -5.355 16.757 
C54H18/6-31G(d) 13.541 -3.172 16.713 
C24H12/6-311G(d,p) 12.799 -4.781 17.580 
C54H18/6-311G(d,p) 14.999 -2.714 17.713 
 
 
Table II. The parameters of repulsion and induction energies between water and C24H12. 
The results for  for 6-31G(d), cc-pVDZ, and 6-311G(d,p) are constrained such that 
ratio of (O-C) to (H-C) is the same as the ratio for cc-pVTZ basis set.  
ijindC ,
ijindC , ijindC ,
Basis Set 
A(O-C) 
(kJ/mol) 
B(O-C) 
(Å-1) 
CInd(O-C) 
(kJ mol-1 Å6) 
A(H-C) 
(kJ/mol) 
B(H-C) 
(Å-1) 
CInd(H-C) 
(kJ mol-1 Å6) 
6-31G(d) 88267 3.344 468 9010 3.140 220
cc-pVDZ 111337 3.442 344 7133 3.072 162
6-311G(d,p) 130904 3.513 325 6716 3.048 153
cc-pVTZ 132857 ± 399 3.503 317 ± 15 7482 ± 72 3.135 149 ± 8
 
Table III. Fit of correlation energy data with three C6 dispersion parameters for aug-cc-
pVTZ(CP) and aug-cc-pVTZ(CP) basis sets. C6 is in kJ/mol (Ǻ)6 
Method C6(O-C) C6(H-C) C6(O-H) 
MP2/aug-cc-pVDZ 2833 ± 205 75 ± 29 900 ± 205 
MP2/aug-cc-pVTZ 2787 ± 213 259 ± 42 636 ± 259 
Scaling of 
MP2/aug-cc-pVTZ 2477 ± 146 230 ± 29 561 ± 201 
 
 
 
Table IV. The net electronic interaction energies of water and graphitic layers.  
 Interaction Energies (kJ/mol) 
Number of layers 1 layer 2 layers 3 layers 4 layers 
Mode alpha -12.4 ±1.3 -13.6 ±1.3 -13.8 ±1.3 -13.8 ±1.3 
Mode beta -15.3 ±1.3 -16.6 ±1.7 -16.8 ±1.7 -16.8 ±1.7 
Mode gamma -11.0 ±0.8 -12.0 ±0.8 -12.2 ±0.8 -12.3 ±0.8 
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List of Figures: 
 
 
Figure 1. Orientations of water above a C24H12 surface used to determine the short range 
repulsion and the induction energies: (a) mode alpha, and (b) mode beta. This illustration 
was created using Molden.29 
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Figure 2. Repulsive + induction interaction energy of water centered over a graphite 
cluster as a function of distance between the oxygen of water and the cluster calculated 
by subtracting the electrostatic energy from the HF energy. This energy is computed with 
6-311G(d,p), cc-pVDZ and cc-pVTZ basis sets. Note that the upper curve is for water in 
mode alpha and the lower curve is for water in mode beta.  
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Figure 3. Induction interaction energy of water centered over a graphite cluster as a 
function of distance between the oxygen of water and the cluster calculated by 
subtracting the repulsion energy from the HF-ES energy. The repulsion energy is 
computed using Eq. (3) with fitting parameters in Table II. Note that the upper curve is 
for water in mode beta and the lower curve is for water in mode alpha.  
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Figure 4. Resulting fit of correlation energies computed using MP2 with aug-cc-pVTZ 
basis set for 50 different configurations. The resulting parameters are given in Table III. 
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Figure 5. Interaction energy of water molecule with graphite surface for 3 water 
orientations as a function of the distance between the oxygen of water and graphite 
surface above the center of a benzene ring. Note that the curve labeled gamma (triangle 
symbol) is for a water with one hydrogen pointing towards graphite, the curve with 
square symbol is for a water in mode alpha and the solid curve with the cross symbol is 
for a water in mode beta.   
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